Azotobacter vinelandii grown in a defined medium lacking calcium did not exhibit the tetragonally-arranged surface layer present on calcium-sufficient cells, although each cell type possessed equivalent amounts of surface-localized S-protein. The addition of Ca2+ or Sr2+ to calcium-limited cells suspended in buffer resulted in formation of the S-layer, whereas a similar addition of Mg2+ or Be2+ did not. Incubation of cells with 35SO$-during Ca2+-mediated in vim reassembly of the S-layer confirmed that the array was formed from previously synthesized, surface-localized S-protein. Rate-zonal sedimentation of S-protein extracted from calciumlimited cells demonstrated tetrameric S-protein subunits characteristic of the native array. Sprotein on the surface of calcium-limited cells was not more susceptible to iodination or proteolytic degradation than that on calcium-sufficient cells. These data suggested minimal alteration of the surface layer beyond disorganization of the S-protein subunits. Calcium limitation caused only a minor perturbation of the outer membrane and did not prevent the outer membrane from serving as a template for the in vitro reassembly of externally supplied S-protein subunits. Notably, Mg2+ or Ca2+ mediated in vitro reassembly of the S-layer and produced a layer that was more loosely attached than the native array. These data support the hypothesis that calcium is specifically required for the in vivo assembly of S-protein subunits into a tetragonal surface array.
INTRODUCTION
Surface layers composed of regularly arranged protein subunits external to the outer membrane are present on many Gram-negative bacteria (Sleytr & Messner, 1983) . Of the five Gram-negative genera studied in any detail, both Azotobacter vinelandii and Aquaspirillum serpens VHA and MW5 require divalent cations for the assembly of their surface layers into regular geometric arrays (Bingle et al., 1984; Buckmire & Murray, 1976; Kist & Murray, 1984) . The stability of the S-layers of Caulobacter crescentus and Acinetobacter sp. 199A may also be dependent on divalent cations such as Ca2+ and Mg2+ (Smit et ai., 1981 ;  Thorne et al., 1975) .
The importance of divalent cations to S-layer assembly may be related to the generally acidic nature of proteins constituting the arrays and may be an extension of their general importance in outer membrane structure. The divalent cation requirements of surface arrays are usually gauged by incubating isolated S-layer protein with cations (in the presence of a cell wall template if necessary) followed by electron microscopic examination for evidence of the assembly of the protein into a regular array. This type of experiment has shown that the Acinetobacter sp. 199A and Az. vinelandii surface arrays are relatively non-specific with respect to their divalent cation requirements (Bingle et al., 1984; Thorne et al., 1975) . In contrast, Aq. serpens MW5 specifically requires Ca2+ for S-layer assembly (Kist & Murray, 1984) , as do other species of Aquaspirillum (Beveridge, 1981) . The S-layer of Aq. serpens VHA will self-assemble in the presence of both Mg2+ and Ca2+ (Buckmire & Murray, 1976) . Significantly, it was shown that the Mg*+-reassembled array was susceptible to disruption by distilled water while the Ca2+-reassembled array and the native array were not. Thus, in vitro reassembly experiments may give misleading results with respect to in vivo assembly requirements unless the stability of the reassembled array can be compared to that of the native array.
We have further investigated the importance of divalent cations, specifically Ca2+ and Mg2+, in the assembly of the Az. vinelandii surface layer (Bingle et al., 1984; Page & Doran, 1981) . We report here experiments from which we conclude that Ca2+ is specifically required for the crystallization of S-protein subunits into a tetragonal array.
METHODS
Bacterial strain and growth conditions. Azotobacter vinelandii UW1 (Fisher & Brill, 1969) was grown in a potassium-phosphate-based minimal medium (Burk medium) containing 0.6 m~-CaCl,, 0.8 mM-MgSO,, 18 y~-FeSO,, 1 p-NaMoO,, 14 mM-ammonium acetate and 1 % (w/v) glucose (Bingle et al., 1986) . Calcium-limited medium contained all components of calcium-sufficient medium except CaCl,. Water was either glass doubledistilled or treated with the Milli-Q water purification system (Millipore). BBPO, refers to the potassium phosphate buffer of Burk medium (4.6 m~-K~H P 0~/ 1 . 5 ~M -K H~P O , , pH 7.2). Cells were pregrown by overnight culture on calcium-limited medium, solidified with 1.8 % (w/v) agar, before inoculation of calcium-limited liquid medium. Liquid cultures were grown at 30 "C in a gyratory water bath shaker operating at 175 r.p.m. Analysis of calcium-limited medium by atomic absorption spectroscopy (Greenberg et a/., 1985) indicated no detectable Ca2+ in excess of levels present in double-distilled or Milli-Q-treated distilled water (< 0.35 p~) . Freeze-etch electron microscopy. In order to expose the Az. vinelandiiregular surface array assembled in viuo it was necessary to wash the cells at an elevated temperature before freeze-etching (Bingle et al., 1984) . Cells were resuspended to an optical density at 620 nm of 1 in BBP04 at 42 "C and incubated at 42 "C for 5 min. The cells were collected by centrifugation (1500g, 7 min, 21 "C) and the wash treatment was repeated an additional four times. When appropriate, divalent cations (MgCl,, CaCl,, BeCl, or SrCl,) were included in BBPO, at a concentration of 0.5 mM. After washing, the cells were resuspended in residual buffer and processed for freeze-etch electron microscopy as previously described (Bingle et al., 1984) . The 42 "C washing protocol was not necessary when visualizing arrays reassembled in vitro onto the surface of distilled-water-washed cells (Bingle et al., 1984) . All freeze-etch experiments were repeated at least twice.
Recovery of protein and lipopolysaccharide (LPS) from distilled water washjuids, culture supernatants and EDTA or EGTA extracts. Cells were washed with distilled water to remove the surface array by a modification of the filtration method of Schenk & Earhart (1981) as outlined by Bingle et al. (1984) . Distilled water wash fluids and culture supernatants were initially filtered through a 0.45 pm pore size Millipore filter. Protein released into these fluids was recovered by ultrafiltration using an Amicon PMlO membrane (molecular mass cut-off 10 kDa).
LPS was recovered from wash fluids and culture supernatants by lyophilization followed by dialysis against distilled water (molecular mass cut-off 3-5 kDa). EDTA was added to a concentration of 2 mM to culture supernatants to prevent formation of insoluble calcium phosphate salts during lyophilization. Protein : LPS complexes were released from whole cells that had been washed in 1 vol. 10 mM-K+-HEPES, pH 7.5, and resuspended in 1 vol. Na+-HEPES/EDTA or EGTA, pH 8, followed by incubation for 1 h at 30 "C with slow shaking. The cells were removed by centrifugation (12 lOOg, 10 min, 4 "C) and the supernatant was filtered through a 0.8 ym pore size Millipore filter before concentration by lyophilization. The concentrated extracts were dialysed (molecular mass cut-off 3.5 kDa) against distilled water at 4 "C.
Protein was estimated either by the method of Bradford (1976) using bovine gamma globulin as a standard or by a modification of the Lowry method (Markwell et al., 1978) using bovine serum albumin as a standard. The concentration of 2-keto-3-deoxyoctanoate (KDO) was determined by the method of Keleti & Lederer (1974) . In order to determine total cell LPS (as KDO), cells were resuspended in distilled water and broken in a French pressure cell. Before KDO analysis, granules of poly-p-hydroxybutyrate were removed by low-speed centrifugation (2000g, 20 min, 4 "C) and the extract was dialysed (molecular mass cut-off 3.5 kDa) overnight against 1000 vols distilled water. The absorption spectrum of all thiobarbituric-acid-positive material was compared to that of authentic KDO (Hanson & Phillips, 1981) . All samples containing KDO were analysed by SDS-PAGE and periodic acid-Schiff staining to confirm the presence of LPS. All experiments for the determination of protein or KDO were repeated twice.
Isolation of outer membranes and extraction of S-protein. Cells were disrupted in a French pressure cell and outer membrane fragments were recovered on sucrose gradients essentially according to the method of Page & von Tigerstrom (1982) with the single modification that Tris buffer was replaced with 10 mM-K+-HEPES, pH 7.5, to prevent perturbation of the outer membrane (Irvin et al., 1981) . The refractive index of the sucrose gradient fractions was determined with an Erma refractometer (Erma Optical Works, Tokyo, Japan). S-protein multimer was extracted from outer membrane fragments as described by Bingle et al. (1986) . The proportion of S-protein in tetrameric and monomeric form was determined by rate-zonal centrifugation in linear glycerol gradients (6-30%, v/v, glycerol in 10 mM-K+-HEPES, pH 7.5) (Bingle et al., 1986) . 1984). The outer surface of calcium-limited cells exhibited a stippled appearance which was not evident on the outer or inner membrane fracture faces. When a sample of culture was made 0-5 m M with CaC1, and incubated at 30 "C for 1 h, the regular array could be found covering the entire cell surface (Fig. 1 b) . Sr2+ could substitute for Ca*+, but when 0.5 m~-MgCl, or BeC1, was added to the culture the regular array did not reappear. This indicated that the lack o f a surface array was not due to a general deficiency of divalent cations but was specifically due to a lack of calcium. These data suggest that formation of the array was not promoted by the C1-counter ion. This was confirmed by the observation that CaSO, also mediated S-layer reassembly on calcium-limited cells (Doran, 1983) . After incubation with divalent cations, cells were washed with BBP04 containing the appropriate cation in order to expose the Slayer (Bingle et af., 1984) . To preclude unforeseen artifacts resulting from this washing procedure, the order of the cation addition and washing steps was reversed; identical results were obtained. The 42 "C heating step in this washing procedure (Bingle et al., 1984) was not necessary in order to visualize by freeze-etch electron microscopy, the regular surface array that was formed upon the addition of Ca2+ to calcium-limited cells (Doran, 1983) . This indicated that formation and visualization of the regular array was a Ca2+-dependent, not a heat-dependent, event.
Outer membrane protein proJiles of calcium-limited cells
The possibility that calcium-mediated assembly of the S-layer involved a requirement for de novo synthesis and/or translocation of the nascent S-protein polypeptide to the cell surface was eliminated by examining the polypeptide composition of the outer membranes isolated from calcium-limited cells (Fig. 2 , lane 1). These cells possessed S-protein in the outer membrane fraction in amounts normally found with calcium-sufficient cells (Bingle et al., 1984) . S-protein was extractable from the outer membrane of intact calcium-limited cells by the relatively mild distilled water-filtration washing method of Schenk & Earhart (1981) indicating that it was surface localized (Fig. 2, lanes 2 and 3) . Examination of distilled-water-washed cells by freezeetch electron microscopy showed that the stippled appearance of the outer surface had been eliminated, producing a relatively smooth surface (Fig. 1 c) .
The concentration of calcium in the growth medium influenced the effectiveness of the distilled water extraction of S-protein. Almost complete extraction of S-protein could be reproducibly achieved from cells grown with <0.5 mM-CaClz (Fig. 3a, lanes 1-4) while only approximately 50% of S-protein was released from the outer membrane of cells grown with 
Origin of reassembled S-protein
The above results suggested that the stippled appearance of the cell surface of calcium-limited cells represented S-protein in an alternative organization and that Ca2+ specifically caused reorganization of S-protein into a regular tetragonal array. In order to confirm this hypothesis, alternative origins for the ordered arrays of S-protein were sought. For example, S-protein released into the culture supernatants could conceivably have reassembled onto the surface of the ceHs during the incubation with calcium. Culture supernatants from calcium-sufficient and calcium-limited cells were concentrated by ultrafiltration, analysed by SDS-PAGE and the amount of protein in the S-protein band was quantified by densitometry (Bingle et al., 1984) . Identical levels of S-protein had been released into these culture fluids. The only protein released into the culture fluids of calcium-sufficient cells was S-protein, which was present at a concentration of 0.8 pg ml-*. This amount of S-protein corresponded to 12% of the total Sprotein that could be removed from an equivalent volume of cells by distilled water extraction (Bingle et al., 1984) . Thus there was insufficient S-protein in the culture supernatant to cover the cell with a regular array. Therefore, calcium-mediated assembly of the S-layer was not the result of reattachment of S-protein present in culture fluids. The in uiuo reassembly of the S-layer during the incubation of calcium-limited cells in buffer and Ca2+ confirmed this hypothesis. The possibility that the S-layer was formed from newly synthesized S-protein was improbable since Ca2+-mediated assembly in this non-nitrogen-fixing strain of A . vinelandii occurred in buffer in the absence of an external nitrogen or carbon source. Further evidence of the lack of significant biosynthesis was obtained when calcium-limited cells were incubated with 35SOz-(1 mCi per 100 ml culture) during Ca2+-mediated assembly of the S-layer in buffer. Considering the quantities of sulphur-containing amino acids in S-protein (Bingle et al., 1986) , the proportion of newly synthesized S-protein was estimated to be at most 10% of the total distilled-waterextractable S-protein. Therefore the majority of S-protein assembled into the regular array was previously synthesized and surface-localized.
Involvement of calcium in outer membrane structure Calcium-mediated S-layer formation could have resulted from the interaction of Ca2+ with Sprotein alone or might have involved an effect of Ca2+ on an underlying, putative template layer (outer membrane) or both. The involvement of Ca2+ in outer membrane stability was assessed by incubating cells with 2 mM-EGTA or 2 mM-EDTA and determining the amount of protein and KDO released (Table 1) . Calcium-sufficient cells were nearly as sensitive to EGTA as to EDTA, releasing about 90% of the LPS and 77% of the protein with EGTA as was released by EDTA. SDS-PAGE of EGTA and EDTA extracts showed that numerous protein species were released (data not shown). Similar extraction of cells osmotically stabilized with 15% (w/v) sucrose resulted in a reduced diversity of proteins released, but the profile of proteins released by the two chelating agents appeared identical (Fig. 4, lanes 1 and 2) . The presence of LPS and polypeptides of higher molecular mass than S-protein indicated that the protein bands of molecular mass lower than S-protein were unlikely to be degradation products (see Koval & Murray, 1984) .
If Ca2+ stabilized the outer membrane structure, then decreased sensitivity of calcium-limited cells to EGTA due to substitution of Mg2+ for Ca2+ in some sites in the cell wall should be evident (Boggis et al., 1979) . This was found to be the case, as indicated by a 50% reduction of LPS and protein released from calcium-limited cells as compared to calcium-sufficient cells upon treatment with 2 mM-EGTA (Table 1 ). The effect of EDTA on calcium-limited cells as compared to calcium-sufficient cells was difficult to gauge. Although both types of cells released nearly the same amount of LPS, calcium-limited cells released twice as much protein (Table 1) . If the site of attack of EDTA and EGTA was primarily LPS (Hancock, 1984) , then extraction of this component apparently caused greater destabilization of the calcium-limited cell envelope.
If Ca2+ were important for envelope integrity, increased levels of both protein and LPS should be evident in culture supernatants of calcium-limited cells. Calcium-limited cells released twice as much protein (1.5 pg protein ml-l) as calcium-sufficient cells. Moreover, several minor proteins were found in calcium-limited culture fluids (Fig. 2, lanes 3 and 4) in addition to Sprotein. SDS-PAGE and quantification of S-protein by densitometry indicated that this increase in total supernatant protein was due to the cumulative effect of many minor protein species. No LPS could be detected in calcium-sufficient culture supernatants, while 0.25 pg KDO ml-l (1 3 % of total cellular material) was found in calcium-limited culture supernatants. Similarly, calcium-limited cells released ten times more KDO [6 pg (mg protein)-'] into distilled water wash fluids than did calcium-sufficient cells (Bingle et al., 1984) . This level of KDO represented 10% of the total cellular LPS. The amount of KDO released on washing of calciumlimited cells declined with increased Ca2+ content of the growth medium.
LPS revealed by periodic acid-Schiff staining (Fig. 3b) was composed of a major highmolecular-mass fraction of limited size heterogeneity similar to that recently reported for Aeromonas salmonicida (Evenberg et a/., 1985) . Little alteration in the LPS profile of the outer membrane occurred with calcium limitation (Fig. 3b, lanes 1-5) . Also, the yield of outer membrane (expressed as protein recovered) from equivalent culture volumes was unaffected by the presence or absence of Ca2+ in the growth medium. Outer membranes isolated from both calcium-sufficient and calcium-limited cells banded at the same position on sucrose gradients (density 1-27 g ~m -~) , indicating that the protein : LPS ratios were not significantly different. Omission of Ca2+ from the culture medium did not appear to have any gross effect on the growth of Az. vinelandii U W 1. Both calcium-sufficient and calcium-limited cultures synthesized the same level of total protein ( z 200 pg ml-l ) over the 18-20 h growth period, although calciumsufficient cultures became slightly iron-limited as evidenced by low production of the siderophore azotobactin (Page & Huyer, 1984) . This was probably due to the formation of Ca/Fe-phosphate co-precipitates which rendered iron more insoluble. These data indicate that calcium limitation produced somewhat 'leaky' cells, but the gross behaviour of calcium-limited cultures and outer membrane integrity were not seriously compromised. Calcium limitation did not produce an outer membrane incompatible with in vitro organization of the S-protein subunits into a tetragonal array. S-protein subunits isolated from calcium-sufficient cells formed an ordered S-layer when incubated with distilled-water-washed calcium-limited cells and Mg2+ in buffer (data not shown).
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The fact that only Ca2+ (or Sr2+, which possesses somewhat similar chemical properties; Cotton & Wilkinson, 1980) and not Mg2+ was able to support reassembly of the S-layer when Sprotein was localized on the calcium-limited cell surface in vivo appeared to conflict with the ability of Ca2+ or Mg2+ to promote in vitro reassembly of the S-layer on calcium-limited or calcium-sufficient (Bingle et al., 1984) cells. Previous experiments (Bingle et al., 1984) showed that the native array assembled in vivo was stable to heating at 42 "C in 5 mM-potassium phosphate buffer. When distilled-water-washed cells carrying Mg2+-mediated reassembled Slayers were treated at 42 "C in 5 mM-potassium phosphate buffer, pH 7.2, for 1 h no tetragonal array was visible by freeze-etch electron microscopy (data not shown). Concentrated supernatant fluids from cells heated at 42 "C in 5 mM-potassium phosphate buffer analysed by SDS-PAGE indicated that this treatment released the S-protein from the cell surface. Protein assays confirmed that all of the S-protein that had originally reassembled onto the surface of the distilled-water-washed cells could be recovered in the supernatant fluids after 42 "C treatment. Therefore, Mg*+-mediated reassembly had not returned the layer to its native state.
Surprisingly, when parallel experiments were done with S-layers reassembled in nitro with Ca2+, the S-layer was sensitive to 42 "C treatment but the in viuo Ca2+-mediated reassembly of the S-layer on calcium-limited cells was stable to 42 "C treatment. Therefore divalent-cationmediated in vitro reassembly of the Az. vinelandii S-layer appeared to be partially artifactual, and other stabilizing interactions in addition to salt bridging were probably present in the native array assembled in vivo which could not be duplicated when the array was assembled in a manner vectorially opposite to that naturally employed by the cell.
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Cross-linking of S-protein
In order to determine if a close association existed between S-protein of the native array and an outer membrane protein, bifunctional cross-linking reagents were employed. Cross-linking of cell wall proteins with dithiobis(succinimidy1)propionate (DSP; Reithmeier & Bragg, 1977) resulted in only a minimal reduction (if any) in the S-protein band running in the 55-60 kDa region viewed by SDS-PAGE, indicating minimal cross-linking involving S-protein (data not shown). In contrast, integral outer membrane proteins were cross-linked into high-molecularmass complexes which did not enter the stacking gel (Angus & Hancock, 1983; Reithmeier & Bragg, 1977) .
Although imidoesters are inferior cross-linking reagents because of their notoriously short half-lives and side reactions (Browne & Kent, 1975) , they are readily soluble. Treatment of isolated cell walls with increasing concentrations of DMS produced an obvious modification of S-protein (Fig. 5 a) . Even at the lowest concentrations of DMS used, a smearing of the S-protein band in the 55-60 kDa region of the gel was produced. Although DMS concentrations of 1-2 mg ml-1 produced little effect on S-protein beyond an increase in the apparent molecular mass, most integral outer membrane proteins were cross-linked into high-molecular-mass complexes which did not enter the gel. At concentrations of DMS > 5 mg ml-I a major crosslinked species was produced with an apparent molecular mass of 160 kDa (determined by SDS-PAGE in 7% polyacrylamide gels) concomitant with a loss of S-protein in the 55-60 kDa region of the gel. In an effort to confirm that this cross-linked species was formed from S-protein only, DTP, a cleavable analogue of DMS, was substituted in the reaction mixtures, but the highmolecular-mass cross-linked species could not be generated using this reagent. DMS-mediated cross-linking of cell walls previously extracted with distilled water showed neither the smeared S-protein monomer nor the high-molecular-mass species (Fig. 5 a, lane 8) . Therefore, the 160 kDa product probably contained S-protein as the only component because cross-linking Sprotein to an integral outer membrane protein would be expected to prevent the complex from entering the gel. Since the S-layer was exposed to excessive concentrations of Na+ at high levels of DMS, which may have perturbed its structure, a Ca2+/triethanolamine buffer system was substituted in the reaction mixtures, but this did not significantly alter the results.
A molecular mass of 160 kDa seemed to indicate that the major product formed was a trimer of S-protein. The cross-linked product expected in the greatest abundance was a dimer of S- Fig. 5 . Cross-linking of (a) cell wall proteins and (b) isolated multimeric S-protein with DMS analysed by SDS-PAGE in 10% polyacrylamide gels. Concentrations of DMS in samples on gel (a) were lane 1, 0 mg ml-' ; 2, 1 mg ml-I ; 3, 2 mg ml-1 ; 4, 5 mg ml-' ; 5 , 10 mg ml-I ; 6,25 mg ml-l ; 7, 50 mg ml-I ; 8, cross-linked distilled-water-washed cell walls with 50 mg DMS ml-I. Concentrations of DMS on gel (b) were lane 1,O mg ml-l; 2,O.l mg ml-1 ; 3,0.2 mg ml-' ; 4,0.5 mg ml-I ; 5 , 1 mg ml-l; 6, 2 mg ml-I ; 7, 5 mg mi-'. protein (molecular mass 120 kDa). However, because of the extensive modification of S-protein at the concentrations of DMS necessary to observe cross-linking, multimeric species were not expected to migrate at the precisely integral multiples of the monomeric molecular mass. Crosslinking of free S-protein multimer with 100-500 pg DMS ml-' also produced a modification of S-protein seen as a smearing effect in the 55-60 kDa region of the gel as well as a single major cross-linked product (Fig. 5b, lanes 3 and 4) . Significantly, the molecular mass of the crosslinked species was estimated at 125 kDa, closer to that expected for a dimer of S-protein. This was probably due to a small degree of monofunctional modification as compared to wallassociated S-protein treated at higher DMS concentrations (Fig. 5 a) . The smearing and product formation could be produced at lower DMS concentrations with free multimer than with Sprotein associated with cell walls, which suggested a difference in accessibility of lysine residues to the cross-linking reagent.
State of S-protein on the surface of calcium-limited cells
An obvious explanation for the inability of S-protein to organize into a tetragonal array in the absence of calcium was that Ca2+ was required for formation of the morphological subunit of the array. Previous experiments (Bingle et al., 1986 (Bingle et al., , 1987 showed that Ca2+ and Mg2+ stabilized a tetrameric form of S-protein which constitutes the presumed morphological subunit of the array. However, when S-protein was extracted from outer membranes of calcium-limited cells and analysed by rate-zonal centrifugation, the sedimentation profile (not shown) was identical to that of S-protein isolated from calcium-sufficient cells (Bingle et al., 1986) . Thus the S-protein on the surface of calcium-limited cells was in a tetrameric form.
To determine whether there were any gross conformational differences between surfacelocalized S-protein from calcium-sufficient and calcium-limited cells, the surface of both cell polyacrylamide gels, of isolated and cell-wall-associated S-protein treated with (b) trypsin (1 mg ml-l), (c) Staphylococcus aureus V8 protease (1 mg ml-l) or (d) thermolysin (1 mg ml-l). Lanes : 1, untreated Sprotein; 2, S-protein isolated from calcium-limited cells and proteolytically digested ; 3, S-protein extracted from calcium-limited cells after proteolytic treatment; 4, S-protein isolated from calciumsufficient cells and proteolytically digested; 5, S-protein extracted from calcium-sufficient cells after proteolytic treatment. Only the relevant portion of the gels, indicating the presence or absence of intact S-protein (55 kDa) after proteolytic treatment, is shown.
types was radioiododinated using 251 and Iodogen. Since S-protein possesses a class of tyrosine residues which are very difficult to label with 251 (Bingle et al., 1984) it was reasoned that if a lack of Cat+ caused any defect in the normal folding of the protein these residues might become more accessible to labelling. However, the cell surface radioiodination patterns of the two cell types were identical (Fig. 6a) . Similarly, no differences in the accessibility of S-protein on the surface of calcium-sufficient or calcium-limited cells could be demonstrated using the proteases trypsin, thermolysin and Staphylococcus aureus V8 protease (Fig. 66, c, d) . No protease at a concentration of 10-100 pg ml-I had any effect on surface-localized S-protein. Trypsin and S . aureus V8 protease at 1 mg ml-1 cleaved surface-localized S-protein although the fragments remained associated with the cell surface until extracted by Sarkosyl. This phenomenon has also been observed for the S-protein of Deinococcus radiodurans (Rachel et al., 1983) . In contrast to surface-bound S-protein, all three enzymes caused extensive degradation of soluble S-protein, a difference previously noted for other S-proteins (Sleytr & Messner, 1983) .
Cat+ and Mg2+ content of cell wall fractions
Isolated multimeric S-protein and the corresponding distilled-water-extracted cell wall material were analysed for Ca2+ and Mg2+ contents by atomic absorption spectrophotometry ( Table 2) . Although it might have been expected that S-protein would have been enriched for calcium, the ratio of Mg2+ to Cat+ in the S-protein fraction was the same as the ratio of these ions in the growth medium. The distilled-water-extracted cell wall also possessed these ions in a similar ratio. The S-protein multimeric subunit fraction accounted for approximately 3 % of the total Cat+ in the cell wall and approximately 4% of the total Mg2+. A similar analysis of the cell wall fractions from calcium-limited cells showed a depletion of Cat+ and an enrichment of Mg2+. The level of Cat+ in the S-protein and cell wall fractions from calcium-limited cells was 25-30% of that present in calcium-sufficient cells. Considering the negligible levels of Ca2+ in the growth medium, a much more severe depletion of Cat+ was expected. The above unexpected observations may be explained if the S-layer serves as a 'cation trap' (Beveridge, 1979) , moderating the depletion of Cat+ during growth in calcium-limited medium and masking any functional enrichment of Cat+ over Mg2+ during growth in the presence of both cations. This hypothesis seems likely in the light of the fact that the S-layer has been shown to bind substantial amounts of ferric iron and may serve as a reservoir of iron for Az. vinelandii (Page & Huyer, 1984) . Similarly, the surface layer of Sporosarcina ureae, which apparently demonstrates a Mg2+ requirement in vitro, was found to possess a high content of Mg2+ and no measurable quantities of other cations. However, unlike S-protein from Az. vinelandii, the S. ureae preparation was washed in 1 mM-Mg2+ prior to elemental analysis (Beveridge, 1979) . In a final effort to confirm a specific role for Ca2+ in the Az. vinelandii S-layer, whole cells were washed five times with 200 m~-MgCl,, 10 mM-Tris/HCl, pH 8-4, in an attempt to evoke disorganization at the S-layer by cation displacement (Beveridge, 1979 ; Beveridge & Murray, 1976b) . This treatment did not cause disorganization of the Az. vinelandii array but, interestingly, it was found to be a most effective method of removing overlying material from the cells (Bingle et al., 1984) , thereby providing excellent views of the S-layer by freeze-etch electron microscopy.
DISCUSSION
Previous studies involving in vitro reassembly of isolated S-protein onto the surface of distilled-water-washed cells indicated that either Ca2+ or Mg2+ could support assembly of the Az. vinelandii S-layer (Bingle et al., 1984) . However, the studies reported here indicate that such an approach is at least partially artifactual because reassembly promoted by either cation does not return the S-layer to its native state. Buckmire & Murray (1976) reported similar findings for the Mg2+-reassembled S-layer of Aq. serpens VHA; however, Ca2+-mediated reassembly returned this surface layer to its original state and appears to correspond to an absolute requirement for Ca2+ for assembly in vivo (Koval & Murray, 1985) . Similar to calcium-limited Az. vinelandii, these cells export S-protein to the cell surface where it subsequently assembles into a surface array when presented with Ca2+. The state of surface-localized S-protein of these organisms differs since that of calcium-limited Aq. serpens is susceptible to loss into culture fluids and by buffer washing. Although calcium-limited Az. vinelandii did not release atypical amounts of S-protein into the culture fluids, increased concentrations of Ca2+ in the growth medium did hinder the distilled-water extraction of S-protein from the cell surface.
The inability of Ca2+-mediated in vitro reassembly to promote the formation of a native Slayer on the surface of distilled-water-washed Az. vinelandii is surprising considering that when the assembly is performed with S-protein which has been surface localized in viuo, Ca2+ does organize the protein into a regular 'native' array. This suggests that S-protein exported in vivo achieves an association with the outer membrane which cannot be duplicated through the in vitro reassembly process. Cross-linking experiments did not reveal any major close association between S-protein and other outer membrane proteins. In fact, the outer membrane proteins appear to be cross-linked out from under the S-layer. The lack of cross-linking involving Sprotein does not appear to be due to a lack of accessible lysine residues since severe monofunctional modification of S-protein was evident, although it is possible that lysine residues were not suitably disposed for cross-link formation. That cross-linking which did involve S-protein appears to have resulted in the formation of S-protein dimers. Similarly, the S-Surface layer of Azotobacter vinelandii 41 1 protein of Aq. serpens VHA also exhibits little tendency to cross-link to other proteins using the reagents employed in this study (Koval & Murray, 1981) . Although the S-layer of Acinetobacter 199A is believed to associate with an outer membrane protein, evidence exists for an association between the S-layer proteins of Ae. salmonicida (Belland & Trust, 1985) and Aq. serpens VHA (Chester & Murray, 1978) with LPS. It is possible that such an association may exist in A z . vinelandii. LPS of Escherichia coli has not been found to participate in DMS-mediated cross-linking reactions (Haller & Henning, 1974) and for this reason, LPS/S-protein cross-linking may not be detectable in Az. vinelandii. Labischinski et al. (1985) , in a recent study of the conformation of LPS, indicated that the 0-side chains were not present in an extended conformation but were coiled. In vivo export or assembly of the S-layer may be linked to that of LPS (Thorne et al., 1976) . However, during in vitro reassembly with preformed subunits, LPS molecules may prevent access of the subunits to their normal position. This should not prevent reassembly of the A z . vinelandii S-protein into a regular array since this organization is apparently determined by the protein subunits themselves (Bingle et al., 1984 (Bingle et al., , 1986 .
Clearly, S-protein which has become surface localized in vivo demonstrates a specific requirement for Cat+ ions for crystallization into a tetragonal array which is not observed when the S-protein has become bound to the cell surface in vitro (Bingle et al., 1984 (Bingle et al., , 1986 . This specificity occurs during the organization of preformed S-protein tetramers (Bingle et al., 1986 (Bingle et al., , 1987 into morphological subunits which form the regular array. The presence of tetramers in calcium-limited cells is supported by the similar conformation of S-protein bound to calciumlimited and calcium-sufficient cells as judged by cell surface iodination and proteolytic treatment of whole cells. These results are consistent with previous results which have shown that S-protein monomers (Bingle et al., 1986) and S-protein tetramers (Bingle et al., 1987) do not undergo any gross conformational changes in response to Cat+, as measured by circular dichroism. It should be emphasized that reassembly both in vivo using calcium-limited cells and in vitro using isolated S-protein and distilled-water-washed cells has only been demonstrated with preformed tetramers of S-protein in Az. vinelandii. Monomeric S-protein has not been demonstrated to reassemble into a regular array (Bingle et al., 1986) .
The actual mechanism of regular array formation from unorganized S-protein is a matter of speculation. A reversible transition between organized and unorganized surface bound Sprotein molecules has been observed with Aq. serpens VHA (Koval & Murray, 1983) , Bacillus sphaericus (Hastie & Brinton, 1979) , Clostridium thermohydrosulfuricum and Clostridium thermosaccharolyticum (Sleytr & Glauert, 1976) . In these cases the regular pattern was destroyed by acidification and could be restored by raising the pH. However, the reduction in pH probably causes considerable alteration to the folding of the protein (Baumeister et al., 1982) . Koval & Murray (1985) proposed that for Aq. serpens VHA, Ca2+ was required to induce a conformational change in the S-protein to allow crystallization of the surface array. Aquaspirillum putridiconchylium also possesses no visible S-layer when grown in the absence of Ca2+ (Beveridge & Murray, 1976a) . The effect of Ca2+ on the A z . vinelandii S-protein subunits may be as subtle as the Cat+-induced alteration in the regularly arranged gap junction protein from eukaryotic cells (Unwin & Ennis, 1984) which would not be detected by the methods used here. S-protein molecules concentrated on the cell surface and suitably oriented to interact to form a crystalline array would conceivably do so provided that the S-protein subunits are sufficiently mobile (Uzgiris & Kornberg, 1983 ). An association of S-protein subunits with a diffusible outer membrane component could provide both orientation and mobility.
This study has demonstrated the absolute requirement for Cat+ for the crystallization of the Slayer of Az. vinelandii. In this respect Az. vinelandii can be considered similar to Aquaspirillum spp. This study confirms the necessity of testing whether cation-mediated in vitro reassembly experiments using isolated S-proteins yield biologically relevant information. For example, the S-layer of Acinetobacter sp. 199A (Thorne et al., 1975) has been noted by Buckmire & Murray (1976) to possess curious ionic requirements for reassembly which has led to some confusion in the literature. Beveridge (1981) stated that Mg2+ was required for reassembly while Koval & Murray (1984) reported that C1-was required. The latter authors more correctly state the case.
